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 
Abstract—This paper presents the current status of our 
research in mode-locked quantum-dot edge-emitting laser diodes, 
particularly highlighting the recent progress in spectral and 
temporal versatility of both monolithic and external-cavity laser 
configurations. Spectral versatility is demonstrated through 
broadband tunability and novel mode-locking regimes which 
involve distinct spectral bands, such as dual-wavelength 
mode-locking and robust, high-power wavelength bistability. 
Broad tunability of the pulse repetition rate is also demonstrated 
for an external-cavity mode-locked quantum-dot laser, revealing 
a nearly constant pulse peak power at the different pulse 
repetition rates. High-energy and low-noise pulse generation are 
demonstrated for low pulse repetition rates. These recent 
advances confirm the potential of quantum-dot lasers as versatile, 
compact and low-cost sources of ultrashort pulses.  
 
Index Terms— Laser mode locking, quantum dot lasers, optical 
pulses, laser tuning.  
 
I. INTRODUCTION 
EMICONDUCTOR quantum dots have been recently 
showing great promise for the generation of ultrashort 
pulses, forming the basis of very compact and efficient 
ultrafast laser sources [1]. Quantum dots (QD) are clusters of 
semiconductor material with dimensions of a few nanometers, 
embedded in a matrix with a higher bandgap than the QD 
material [2]. If one takes into account that all the three 
dimensions of a QD cluster are comparable or smaller than the 
typical de Broglie wavelength for a III-V compound  
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semiconductor (of the order of tens of nanometers), then it  
becomes evident that a strong three-dimensional quantum 
confinement of the carriers is in place. Such a strong 
confinement leads to dramatically different energy-momentum 
relations, resulting in a delta-like density of states. As such, in 
quantum dots the charge carriers occupy only a restricted set 
of energy levels. It is this strong three-dimensional carrier 
confinement – akin to a nearly zero-dimensionality – which 
strongly determines the major advantages predicted and 
demonstrated for QD lasers, such as low threshold current and 
high characteristic temperature [3]. On the other hand, the 
self-organised growth of quantum dots – usually through the 
Stranski-Krastanow growth method – leads to a Gaussian 
distribution of dot sizes. Due to the three-dimensional quantum 
confinement, such a variation in size leads to a corresponding 
Gaussian distribution of emission frequencies. Moreover, 
lattice strain may vary across the wafer, thus further affecting 
the energy levels in the quantum dots. Such effects lead to the 
inhomogeneous broadening of the gain and absorption in the 
QD material [3]. This is a useful phenomenon in the context of 
ultrafast applications, because a very wide bandwidth is 
available for the generation, propagation and amplification of 
ultrashort pulses [4], while also being extremely useful for the 
generation of a widely tunable output [5, 6] . These attributes, 
together with the ultrafast gain and absorption recovery times 
exhibited by QD materials [7, 8], have been affording major 
advantages in ultrafast science and technology since the first 
demonstration of a QD two-section mode-locked laser diode in 
2001 [9].  
In fact, monolithic passively mode-locked QD lasers can 
currently surpass the performance of similar quantum-well 
(QW) lasers in terms of pulse duration, with pulses as short as 
400fs generated directly from InAs/GaAs QD laser diodes 
operating in the 1.26m waveband [10], or with pulse 
durations down to 312fs in the 1.55m spectral band, as 
demonstrated with InAs/InP QD lasers [11]. QD lasers have 
also shown a superior performance to similar QW lasers in the 
case of pulse timing jitter [12, 13], achieving record-low 
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values too [14, 15]. 
Temperature resilience is an important feature for most 
applications – in this context, it was demonstrated that stable 
mode-locked operation can be achieved in a QD laser at 
elevated temperatures up to 80oC, and at relatively high output 
average powers [16]. More recently, the use of p-doped QD 
structures in mode-locked lasers has extended the range of bias 
conditions where stable mode-locking is observed at elevated 
temperatures, while simultaneously achieving an infinite 
characteristic temperature [17]. Furthermore, it has been 
shown that the duration of the pulses generated actually 
decrease with temperature [18, 19], which can be attributed to 
a faster absorber recovery time with increasing temperature – 
most notably due to a faster thermionic escape [19, 20]. 
In this paper we report on our recent results that exploit the 
unique properties of QD materials in novel and versatile 
mode-locking regimes in InAs/GaAs QD edge-emitting 
monolithic lasers, by harnessing the spectral versatility offered 
by the presence of the excited-state transition (Section II) and 
the possibilities of QD material engineering in the 
development of nonidentical QD layer structures (Section III). 
We also present our latest investigation of external-cavity QD 
mode-locked lasers with variable pulse repetition rate, low 
noise and high pulse energy (Section IV). 
 
II. EXPLOITING THE EXCITED-STATE TRANSITION IN NOVEL 
MODE-LOCKING REGIMES 
 
The discrete energy levels displayed by QD materials can be 
exploited to access distinct spectral bands in the same device, 
adding an extra level of functionality to QD lasers. Indeed, 
light emission in a QD laser can occur via the lower-energy 
ground-state (GS) and/or the higher-energy excited-state (ES) 
transitions, thus engaging quite different spectral regions [21]. 
Subpicosecond gain recovery has been demonstrated for both 
GS and ES transitions in electrically-pumped QD 
amplifiers [22]. Two-color pump-probe investigations of 
reverse-biased waveguide saturable absorbers have also 
revealed that the absorption recovery time for the ES transition 
is faster than for the GS transition under the same reverse bias 
conditions [23]. It is therefore quite relevant to investigate the 
potential for ultrashort pulse generation across both GS and ES 
transitions. In this context, we have previously demonstrated 
an optically gain-switched QD laser, where pulses were 
generated from both GS and ES, and where the ES pulses were 
shorter than those generated by GS [24]. We then 
demonstrated, for the first time, passive mode locking via GS 
(1260nm) or ES (1190nm) in a quantum-dot laser, at repetition 
frequencies of 21GHz and 20.5GHz, respectively [25, 26]. 
The switch between these two states in the mode-locking 
regime was easily achieved by changing the electrical biasing 
conditions, thus providing full control of the operating spectral 
band. Subsequent demonstrations of switching between GS 
and ES mode-locking followed, in an external cavity 
configuration [27], and using the self-electro-optical effect for 
reverse switching (first ES, then GS mode-locking) [28]. 
Dual-wavelength mode-locking was previously reported for a 
single-section InP-based QD laser diode, with pulses being 
generated simultaneously at 1543 and 1571nm [29]. However, 
these spectral bands are not ascribed to the ES/GS transitions, 
and the hypothesis presented by the authors is that the 
energy-level splitting corresponds to the Rabi oscillation 
frequency. In this demonstration, it is also shown that the 
spectral separation varies with the driving conditions [29].  
We have recently achieved a dual-wavelength passive 
mode-locking regime where pulses are generated 
simultaneously from both ES (λ=1180nm) and 
GS (λ=1263nm), in a two-section GaAs-based QD laser [30, 
31]. This is the widest spectral separation (83nm) ever 
observed in a dual-wavelength mode-locked non-vibronic 
laser [32]. 
The dual-wavelength mode locking regime was achieved in 
a two-section, 2mm-long laser diode, with a saturable absorber 
length of 300μm. The front and back facets were 
anti-reflection (~3%) and high-reflection (~95%) coated, 
respectively. Its active region incorporated 5 layers of InAs 
QDs. The pulse durations in both GS and ES spectral bands 
(and all those referred to in this paper) were measured by a 
non-collinear autocorrelator based on second-harmonic 
generation (Femtochrome FR 103-XL).  
A stable dual-wavelength mode-locking regime was found 
 
Fig. 1.  Optical (a) and RF spectra (b) corresponding to the dual-wavelength 
mode-locking regime, for a reverse bias of 6.7V and gain current injection of 
400mA.  
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in a range of bias conditions, which simultaneously satisfied 
the conditions for achieving mode-locking via GS and ES: 
higher current levels applied to the gain section (between 330 
and 430mA) and values of reverse bias between 6V and 10V 
in the saturable absorber section. The excited state levels have 
higher degeneracy, and consequently higher saturated gain 
than the GS. This means that a transition from the GS to the 
ES can be achieved by increasing loss, which in this case can 
be manipulated through the increase in reverse bias applied to 
the saturable absorber. 
The optical and RF spectra are represented in Fig. 1, for an 
applied current of 400mA and a reverse bias of 6.7V. The 
spectral separation between the two modes results in different 
repetition rates, due to the dispersive nature of the laser 
semiconductor material, which induces different cavity 
roundtrip times for the propagation of the two modes. The 
repetition rates of the generated pulses were 19.7GHz and 
20.1GHz for the ES (λ=1180nm with a full-width at 
half-maximum of 4.8 nm, resulting in a time-bandwidth 
product of 8.2) and GS (λ=1263nm with a full-width at 
half-maximum of 6.2 nm, resulting in a time-bandwidth 
product of 7), respectively. For these bias conditions, the ES 
pulse duration was 7.9ps, while the GS pulse duration was 
5.9ps. The average power was of the same order for GS and 
ES pulsed outputs, ranging between 20 and 30mW. 
Furthermore, the same laser also displayed, for different bias 
conditions, several other regimes of operation, such as mode-
locking via the GS or via the ES, and continuous-wave 
emission via the GS [31], which clearly highlights the spectral 
versatility that QD structures can offer.  
An alternative method for achieving dual-wavelength mode-
locking involving the GS (λ=1270nm) and ES (λ=1207nm) has 
also been subsequently demonstrated by Breuer et al. [33], by 
using a 3-mm multi-section laser where the active region 
incorporates six chirped QD layers. This mode-locking regime 
is achieved under low current values applied to the gain 
section, as well lower reverse bias – leading, however, to 
lower output power levels - below 4mW for the GS, and less 
than 2mW for the ES [33]. 
It is important to add that the development of dual- and 
multiple-wavelength ultrafast lasers is a research area that aims 
to address a number of important applications such as 
time-domain spectroscopy, wavelength division multiplexing 
and nonlinear optical frequency conversion. The spectral 
versatility of a QD mode-locked diode laser which is 
switchable between GS and ES has already demonstrated its 
potential as a two-band clock recovery source [34]. In this 
perspective, the compactness, lower cost and direct electrical 
pumping associated with semiconductor lasers form a set of 
attractive features for reducing the footprint and complexity of 
the aforementioned applications, with the potential to also 
open up new avenues in ultrafast optical processing and optical 
interconnects. 
 
III. WAVELENGTH-BISTABLE MODE-LOCKING REGIME 
 
Quantum-dot (QD) materials have shown great promise as a 
gain element of broadly tunable laser sources, due to the 
inhomogeneous broadening associated with the size dispersion 
of the QDs. Recently developed growth techniques can control 
the fabrication of InAs/GaAs QDs with different sizes, giving 
access to an unprecedented broad spectral range in the spectral 
region between 1.0μm and 1.3μm. By exploiting such broad 
gain bandwidth, QD external-cavity diode lasers (QD-ECDL) 
have demonstrated impressive tuning ranges up to 202nm [6], 
with nearly 0.5W output power in the central part of the tuning 
range, as illustrated in Fig. 2. Broadband tunability of up to 
166nm has also been demonstrated in a QD-ECDL based on 
InAs/InP quantum-dot materials, covering the 1.55μm spectral 
region [35].  
We have very recently demonstrated a new approach to 
achieve wavelength bistability in a multi-section QD laser, by 
using an active region which incorporates non-identical InAs 
QD layers which emit at distinct wavelengths – a similar 
structure to that used for the broadly tunable QD laser [6]. 
Wavelength bistability in semiconductors lasers is an exciting 
area for the development of the next generation of optical 
communication systems and all-optical processing components 
such as flip-flop memory switches [36]. In the context of 
high-speed applications, QD mode-locked lasers have shown 
great potential as efficient and compact sources of low-noise 
and high-repetition-rate ultrashort pulses [1]. Wavelength 
bistability has been recently shown in passively mode-locked 
QD lasers with a 7.6GHz pulse repetition rate, using a 
two-section device with an active region which comprised 10 
InGaAs QD layers [37, 38]. Bistability between 1166nm and 
1174nm was achieved with power suppression ratios of 30dB. 
However, the level of output power achieved in the latter work 
was rather low, ranging between 0.2-0.8mW for an operating 
 
Fig. 2.  Tunability range and output power achieved in a tunable 
quantum-dot external-cavity laser, with a 20% output coupler (OC) or 
without (W/O) output coupler, at different operating temperatures. 
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temperature of 12oC.  
We have achieved robust and high-power wavelength 
bistability between 1245nm and 1295nm (the largest spectral 
range to our knowledge), controllable via the reverse bias 
applied to the saturable absorber. Depending on the range of 
reverse bias applied, continuous wave (CW) or mode-locked 
regimes are obtained, with average powers up to 25mW and 
17mW, respectively. This output power performance 
represents an improvement of up to two orders of magnitude 
when compared with previous results [37, 38]. A suppression 
ratio higher than 40dB is demonstrated. 
The investigated multi-section laser has a ridge waveguide 
width of 6 µm and a total length of 4 mm, resulting in a pulse 
repetition rate of 10 GHz when mode-locked, as defined by the 
cavity round trip time. The device consists of multiple 
1-mm-long electrically-insulated sections, each of these further 
divided into 300µm and 700µm sub-sections. A reverse bias is 
applied to the two 300µm sections placed nearer the back 
facet, thus forming a distributed saturable absorber with a total 
length of 600µm. All the remaining sections are forward 
biased and thus form the gain section. The output facet was 
deep-anti-reflection coated (on the gain section side), while the 
back facet was high-reflection coated (on the absorber side), 
with reflectivities of approximately 0.1% and 95%, 
respectively. The QD structure was grown on a GaAs substrate 
by molecular beam epitaxy. Its active region contains 10 InAs 
QD layers covered by non-identical InGaAs capping layers, 
incorporated into Al0.35Ga0.65As cladding layers. This growth 
technique results in increased indium segregation into the 
quantum dots that have thicker capping layers, and as such, the 
average size of the quantum dots capped with thicker layers 
becomes larger, with an associated shift in spectral emission. 
As a result, this QD structure comprised 3 QD layers with an 
emission spectrum approximately centered at 1211nm, 3 QD 
layers at 1243nm and 4 QD layers at 1285nm (the concept of 
this structure epitaxy being similar to the one described in 
Ref. [6], albeit with a slight modification in one group of QD 
layers). The laser’s operating temperature was maintained at 
20oC. 
For a fixed current of 260mA applied to the gain section, 
the reverse bias was varied between 0V and 7V, in both 
ascending and descending directions. As depicted in Fig. 3, a 
wide wavelength bistability region was obtained, between 1V 
and 6V, with the widest spectral separation of 50nm being 
achieved between the two bands. Remarkably, the power 
suppression ratio was higher than 45dB and 40dB in the 
ascending and descending direction, respectively. This is 
demonstrated also in the insets of Fig. 3, where representative 
optical spectra are depicted at several points of the operation 
curve. A transition in the laser operation mode – between CW 
and mode-locking – was found for a reverse bias of 3.75V, for 
both ascending and descending directions. As such, both CW 
and mode-locked regimes can be accessed for both 
wavelengths. The output power for both directions is shown in 
Fig. 4 a), where there is not a very noticeable difference 
between the ascending and descending directions. Moreover, a 
significantly higher power between 10mW and 17mW was 
 
Fig. 3.  Dynamics of the emission wavelength with various values of 
ascending and descending reverse bias. A transition between continuous 
wave (CW) and mode-locked (ML) regimes occurs at 3.75 V. Insets: optical 
spectra at several operating points, depicting the suppression ratio (SR) 
between the modes. 
 
Fig. 4.  (a) Output power and (b) pulse duration in the ascending and 
descending directions, for a fixed applied current of 260mA in the gain 
section. Inset: autocorrelation trace corresponding to the shortest pulse 
measured in the bistability regime. 
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achieved under mode-locked operation, in contrast with 0.2-
0.8mW previously reported. The variation of the pulse 
duration for both increasing and decreasing reverse bias is 
represented in Fig 4 b). As it can be observed, the pulse 
duration trends reveal also a hysteresis behavior, as the pulse 
duration for the 1295nm spectral band is longer than for the 
1245nm spectral band. The time-bandwidth product varied 
between from 6 and 1.4 for the 1295nm band, as the reverse 
bias increased; whereas for the 1245nm band, the time-
bandwidth product varied between 1.1 and 8.4, for a 
decreasing reverse bias. Under the same bias conditions, 
shorter pulse durations were measured for the 1245nm spectral 
band in practically all points. The mechanism underlying the 
wavelength bistability results mainly from the interplay 
between gain and absorption for the different spectral bands.  
This topic will be subject to further investigation. 
This new approach could potentially have a high impact in 
all-optical processing and optical communications – it is 
important to stress that the spectral range here reported is 
important for these applications, due to the minimum 
dispersion that optical fibers exhibit in that range.  
 
IV. EXTERNAL-CAVITY MODE-LOCKING 
 
The typically low threshold current density and low optical 
losses in QD lasers have enabled the fabrication of long-cavity 
and extremely high wall-plug efficiency lasers with pulse 
repetition rates as low as 5GHz, such as reported in [18]. 
There are, however, a number of applications where moving 
towards even lower repetition rates is highly desirable, as for 
example in biomedical imaging modalities which require the 
use of fluorescent markers – with typical relaxation times 
between hundreds of picoseconds and a few nanoseconds [39]. 
In order to decrease the repetition rate beyond the limits of 
what is achievable with monolithic QD mode-locked lasers, an 
external-cavity configuration is necessary [40, 41, 42, 13]. 
Although the footprint of the laser system will naturally 
increase, some flexibility is afforded through the possibility of 
tunable operation [27] or appropriate dispersion compensation 
which can be incorporated in the external-cavity configuration 
by the introduction of appropriate optical elements [42, 13]. In 
our previous work, we demonstrated a QD external-cavity 
mode-locked laser  (QD-ECMLL) incorporating a QD 
semiconductor saturable absorber mirror (SESAM) [41], 
generating pulse repetition rates ranging from 350MHz to 1.5 
GHz, with average output power up to 27mW (860MHz). In a 
more recent investigation [42], a QD-ECMLL is demonstrated 
with pulse repetition rate as low as 310MHz, albeit with a 
modest pulse-energy of ~0.45pJ (which was shown to be 
independent of the repetition rate). The highest peak power 
achieved after intra-cavity pulse compression was 0.41W [42]. 
In this section we present our latest results achieved with a 
QD-ECMLL based on a two-section superluminescent diode 
chip. The QD chip was grown by molecular beam expitaxy 
(MBE) on an n+-GaAs (100) substrate which contained 10 
layers of self-assembled InAs/GaAs quantum dots. The 
waveguide in gain section is bent and terminated at an angle of 
7° relative to the cleaved facet, in combination with 
antireflection (AR) coating (R~10-5), while the back facet was 
high-reflection (HR) coated (R~95%). The total chip length is 
4mm, with a 600-μm-long saturable absorber section placed 
near the back facet. An output coupler of variable 
transmissivity was used for the external cavity facet. A 
simplified schematic of the QD-ECMLL is depicted in Fig.5. 
 
 
A. High peak power and pulse energy 
 
Using an output coupler of 96% transmissivity as the 
external front facet, we have demonstrated very recently the 
generation of high-peak-power picosecond pulses without the 
use of any pulse compression and optical amplification [43]. 
For a pulse repetition rate of 1.14GHz, an average power of 
23.2mW and a peak power of 1.5W with pulse duration of 
13.6ps were achieved (corresponding to a 20.4-pJ pulse 
energy). This represents the highest peak power achieved 
directly from a 1.3-μm waveband ECMLL. In this case, a 
time-bandwidth product of 3.02 can be calculated taking into 
account the mode-locking lasing wavelength of 1274 nm with 
1.2-nm full-width at half-maximum (-7.2V, 457mA). 
Remarkably, a minimum time-bandwidth product of 1.01 was 
obtained under 7.2-V reverse bias and 330-mA forward 
current with a pulse duration of 8.4ps. Stable mode-locking 
with an average power up to 60mW was also obtained at a 
repetition frequency of 2.4GHz, which corresponds to a 25-pJ 
pulse energy - a 55-fold increase in the pulse energy when 
compared to the demonstration in [42].  
 
 
B. Mode-locking trends with operation conditions 
 
Further investigations were carried out with this 
QD-ECMLL configuration at lower pulse repetition rates, 
using for this purpose a 53% output coupler, which generally 
lead to lower output power, but also lower threshold current 
 
Fig. 5.  Configuration of the quantum-dot external-cavity mode-locked 
laser. OC: output coupler; TS: translation stage; OI: optical isolator; HWP: 
half wave plate; SMF: single-mode fiber. 
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than with the 96% output coupler. It was found that such 
higher feedback strength was instrumental for achieving stable 
fundamental mode-locked operation with pulse repetition rates 
lower than 1GHz. The length of the laser cavity was then 
adjusted such that the resulting pulse repetition rate was 
750MHz. The trends of average power, pulse energy, peak 
power and pulse duration with variable bias conditions were 
assessed within the full range where stable mode-locking was 
observed, as depicted in Fig. 6.  
It was found that high average power (and pulse energy) can 
be achieved for high reverse bias and high gain current values. 
On the other hand, shorter pulse durations can be obtained for 
higher reverse bias with a low gain current – however, this bias 
combination leads to quite a low average power. These trends 
are similar to those observed in monolithic QD mode-locked 
laser diodes [44, 13], being the result of the interplay between 
absorption and gain dynamics. Indeed, the pulse duration 
decrease with increasing reverse bias can be accounted mainly 
by the corresponding decrease of the absorption recovery time, 
as has been shown by pump-probe investigations [8]. For a 
given applied current, this would lead to a reduction of the net 
gain window, with a more significant shaping of the trailing 
edge and pulse duration decrease.  
Overall, the trends of average power and pulse duration lead 
to a region of higher peak power which can be achieved under 
high reverse bias and high current operation, as shown in 
Fig. 6 c).  
Regarding the limits of mode-locking stability in this 
QD-ECMLL, it was also observed that under low reverse bias 
conditions, fundamental mode-locking can only be attained 
under low current values applied to the gain section. 
Moreover, for increasing values of current applied to the gain 
section, the region of robust fundamental mode-locking 
became narrower, as the laser displayed an increasing 
tendency for operating in a harmonic mode-locking regime, 
rather than in stable fundamental mode-locking. Such 
behaviour is in agreement with previous results reported by 
Viktorov et al. [45]. In this reference, the transition from 
fundamental mode-locking to double and triple pulsing was 
investigated experimentally and theoretically in monolithic QD 
passively mode-locked lasers, and it was shown that this 
transition is facilitated for higher injection current and longer 
cavity lengths. 
 
C. Trends with the pulse repetition rate 
 
 
 
 
Fig. 6.  (a) Average power, (b) pulse duration, (c) peak power and (d) pulse energy mapping of stable fundamental mode-locking regimes with a pulse 
repetition rate of 750MHz. The arrow on the map indicates the increasing direction.  
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By setting up the 53% output coupler on a long-travel 
translation stage, we were able to vary the length of the optical 
cavity and investigate the performance of the QD-ECMLL for 
a pulse repetition rate ranging between 1GHz and 281MHz. 
For different external cavity lengths, the average power was 
found to be approximately proportional to the repetition 
frequency, as represented in Fig. 7. This seems to imply that 
the constant pulse energy required to saturate the absorber is 
independent of repetition rate under certain operation 
conditions, which is consistent the conclusions reported in 
[13], where there is mention of a constant pulse energy for a 
harmonic mode-locked monolithic laser with pulse repetition 
rates ranging between 39GHz and 237GHz. Furthermore, the 
peak power (~0.5W) was also relatively constant for the 
different pulse repetition rates, as also evidenced in Fig. 7. The 
pulse duration was seen to slightly increase from 9.3ps to 
12ps, as the repetition rate decreased from 1GHz to 281MHz. 
For 281MHz repetition rate, the optical spectrum was centred 
at 1268 nm (-8V, 300mA), with a full-width at half-maximum 
of 4 nm, resulting in a time-bandwidth product of 8.95.  
The limit to the lowest possible repetition rate achievable 
with a semiconductor gain material is strongly linked with its 
spontaneous recombination time – which for QD materials is 
of the order of magnitude of ~1ns.  As such, if the cavity 
length is extended to the point where the inter-pulse period is 
much longer than this recombination time, the mode-locking 
regime may cease to be stable as the spontaneous emission 
becomes a more predominant effect, as observed by a number 
of research groups [41, 13].  
It is therefore noteworthy to stress that in the QD-ECMLL 
here investigated, the achieved repetition rate of 281MHz is in 
fact the lowest reported up until now for an external-cavity QD 
mode-locked laser diode. 
 
D. Low noise operation 
 
QD mode-locked lasers have been gaining status as 
low-noise sources because of the presence of discrete levels 
and low internal losses, enabling low threshold current 
densities and reduced values of amplified spontaneous 
emission coupled to the wavelength of operation, when 
compared with other higher-dimensional materials [46]. 
Indeed, spontaneous fluctuations in the number of photons 
represent one of the major sources of timing jitter, as it imparts 
random fluctuations in the index of refraction, thereby 
affecting the round-trip time and thus the timing of the pulses. 
In the case of external-cavity mode-locked lasers, thermal and 
mechanical instabilities can also contribute to timing jitter. But 
if these instabilities are overcome, an improvement in the 
phase noise and timing jitter is expected in a stable 
external-cavity laser when comparing to its monolithic 
counterpart, because the active waveguide occupies only a 
fraction of the optical cavity [47]. 
Record-low noise performance has been achieved by 
Delfyett’s group, using a QD laser in an external ring-cavity 
configuration with active harmonic mode locking to generate 
ultrashort pulses at a repetition rate of 12.8GHz (via a 
Mach-Zender intensity modulator) [14]. The external-cavity 
configuration, together with the electrical synchronization 
allowed by active mode locking, resulted in very low residual 
integrated timing jitter values of 7.5fs (in the range between 
1Hz and 10MHz), limited only by the driving synthesizer 
noise. This outstanding result represents the lowest timing 
jitter reported so far for mode-locked semiconductor lasers, 
thereby confirming the importance of QD materials in the 
pursuit of low-noise pulsed laser sources.  
On the extreme of lower repetition rates, the expectation is 
that the increasingly dominant spontaneous emission 
contribution could start to play a more significant role and 
increase the noise content of the pulsed output. Our recent 
findings show that, even for low repetition rates, the RF 
spectrum can still exhibit a very narrow linewidth, as depicted 
in Fig. 8. Operating under a pulse repetition rate of 323MHz 
 
 
Fig. 8.  RF spectrum corresponding to stable mode-locked operation with a 
323MHz pulse repetition rate, with a -3dB linewidth of ~300Hz (obtained 
after Lorentzian fit). The resolution and video bandwidth for this acquisition 
were 30Hz and 3Hz, respectively. Inset: RF spectrum with a 10GHz span. 
 
 
Fig. 7.  Variation of the peak and average power for different pulse repetition 
rates, under the same bias conditions. The pulse duration achieved is 
indicated for each point. 
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(corresponding to an inter-pulse period of 3.1ns), the laser 
exhibited an -3dB RF linewidth of 300Hz, measured after 
fitting a Lorentzian function to the RF spectrum. This is a 
remarkable result, when compared to the lowest RF linewidth 
to be reported for a passively mode-locked monolithic laser - 
500Hz, for a pulse repetition rate of 10GHz [48], which in fact 
was also based in a QD structure. Our results therefore 
reinforce the current view that QD lasers offer major 
advantages for low-noise operation, for both high and low 
pulse repetition rates.  
 
V. OUTLOOK: TOWARDS HIGHER POWER LEVELS 
 
In order to boost the average and peak power achievable 
directly from the mode-locked laser diodes, post-amplification 
can be implemented using compact semiconductor optical 
amplifiers [40, 49]. Furthermore, the use of post-amplification 
allows for the independent control of the pulse and power 
characteristics.  
An alternative approach to achieve pulse generation at 
higher output powers is by designing edge-emitting lasers with 
a flared or tapered geometry [50]. Tapered lasers include a 
straight section - which performs the function of spatial filter 
in the cavity - and a tapered section with increasing width, 
which provides high power. Therefore, tapered lasers are a 
good solution to provide single spatial mode beams with high 
power and good beam quality. In addition to being a spatial 
filter, all or part of the straight section can also be used as a 
saturable absorber, if a reverse bias voltage is applied to it. 
Due to the fact that the beam mode size in the saturable 
absorber section is much smaller than in the gain section, the 
ratio between the gain and absorption saturation energies is 
greatly enhanced, as the saturation energy scales with the area 
of the mode. This enhances the pulse formation mechanisms 
and allows for better pulse shaping and shortening, while the 
higher gain saturation level further relieves the effect of pulse 
broadening in the gain section while also assisting in the 
generation of higher power pulses. 
In 2006, Thompson et al. demonstrated the generation of 
pulses as short as 780fs, by using of a tapered waveguide 
configuration in a two-section InGaAs QD laser [44]. Further 
optimization of the saturable absorber length later resulted in 
the demonstration of sub-picosecond pulses with average 
power of 15.6mW and peak power of 2.25W (at 12oC) [13]. 
Very recently, we have demonstrated the highest peak power 
(3.6W) ever achieved from a monolithic passively 
mode-locked quantum-dot laser based on a gain guided 
tapered configuration, with a corresponding pulse duration of 
3.2ps [51]. Picosecond pulse generation with high average 
power of 209mW was also demonstrated from the same laser, 
which is more than one order of magnitude higher than 
previous results. It is anticipated that post-compression of 
these pulses would result in relatively high values of peak 
power (>20W). We believe that the tapered laser approach is a 
very promising route to achieve high-peak power pulses, and 
we genuinely believe that many related developments will take 
place in the near future. 
 
VI. CONCLUSION 
 
This paper outlined our recent progress in the development 
of compact and efficient mode-locked laser diodes based on 
quantum-dot materials. We have shown how the use of the 
excited-state transition as an additional degree of freedom in 
QD lasers can be harnessed for a dual-wavelength 
mode-locking regime that engages both ground and 
excited-state spectral bands. The latest developments in QD 
material engineering have also enabled the growth of laser 
active regions incorporating non-identical QD layers with 
controllable central wavelength emission and spectral width. 
Such endeavours have made possible the demonstration of 
widely tuneable external cavity QD laser with high output 
power, as well as novel mode-locking regimes with robust and 
electronically controllable high-power wavelength bistability. 
Finally, our latest results achieved with a QD-ECMLL have 
demonstrated the potential for high-energy, low-noise pulse 
generation and the lowest pulse repetition rate to date. 
The exploitation of these results opens up many possibilities 
for the development of simultaneously ultrafast and widely 
tunable compact and efficient laser sources, thus making full 
use of the potential for temporal and spectral versatility that 
QD lasers can offer.  
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